The structural and thermoelectric properties of the AgSbTe 2 -SnTe quaternary system were studied. Powder averaged x-ray diffraction of Ag 0.85 SnSb 1.15 Te 3 indicates a cubic NaCltype structure in contrast with the single crystal refinements, which point towards tetragonal symmetry. Furthermore, high-resolution electron microscopy imaging revealed the system to be a nano-composite formed by thermodynamically driven compositional fluctuations rather than a solid solution as it was viewed in the past. The lattice thermal conductivity attains very low values, which is in accord with recent theories on thermal transport in heterogeneous systems. The charge transport properties of the system exhibit a rich physical behavior highlighted in the coexistence of an almost metallic carrier concentration (~5×10 21 cm -3 ) with a large thermoelectric power response of ~160 μV/K at 650 K. This is attributed to a heavy hole effective mass that is almost six times that of the electron rest mass.
INTRODUCTION
Quaternary systems formed between binary narrow band gap, high mobility semiconductors (like PbTe, GeTe) and AgSbTe 2 and have been widely considered for thermoelectric applications in the past [1] . A fruit of this research activity has been the (AgSbTe 2 ) 0.15 (GeTe) 0.85 compound, better known with the acronym TAGS, which is the state of the art p-type thermoelectric material for high temperature applications (ZT TAGS~1 .2 at 720 K) [2] . Recently, interest in the transport properties of AgSbTe 2 has been revived since introduction of AgSbTe 2 phases in PbTe was shown to result in promising n-type thermoelectric materials (AgPb m SbTe m+2 , LAST) in bulk form (ZT LAST~1 .7 at 700 K) [3] . This is most probably due to the formation of Ag-Sb rich nanostructures formed in the PbTe matrix which enhance the thermal resistivity [4] .
Here we report on (Ag 1-x Sb 1+x ) m Sn y Te y+2m , an interesting material system with surprising charge transport properties. The compounds are off-stoichiometric derivatives of (AgSbTe 2 )-(SnTe) formed from the combination of two isotypic narrow band-gap semiconductors, AgSbTe 2 and SnTe which adopt the rock salt (NaCl) structure. We have identified compositions, which to the best of our knowledge exhibit the largest thermoelectric power response of ~160 Te 5 samples were produced by mixing appropriate stoichiometric ratios of high purity starting materials, namely Ag, Sn, Sb and Te. The initial charge was sealed in evacuated fused silica tubes, heated above the respective melting points of the constituent metals (~1000 o C), held there for 4 days and then slowly cooled to room temperature over 24 hrs. Single crystals of AgSnSbTe 3 with suitable size for X-Ray characterization were obtained by cooling the melt from 700 o C to room temperature at 4 o C/h rate. Samples were characterized using powder and single crystal X-ray diffraction (standard software analysis is described in Ref.
[5]), scanning electron microscopy coupled with energy dispersive X-ray spectrometer, and high resolution field emission transmission electron microscope (JEOL-2200FS) attached to a Gatan image filter. Details regarding the experimental apparatus used to determine the thermal and charge transport properties can be found elsewhere [6, 7] . 3 are consistent with either Pm 3 m or P4/mmm space groups. In the tetragonal model, the cations separate into alternating layers of Ag/Sb and Sn atoms stacked along the c axis. The ideal NaCltype Fm 3 m space group (indicated by powder X-ray diffraction) was ruled out because it did not account for ~40% of the observed reflections. In the Pm 3 m model the Na-site of the Fm 3 m structure splits in to two unique sites which accommodate some ordering of Ag, Sn and Sb atoms. A summary of our results is listed in Table I and II. The single crystal studies which indicate atomic ordering and lower symmetry still represent an averaged structure. Therefore, we probed the material on the nanoscale with HRTEM which revealed surprising and unanticipated features.
RESULTS AND DISCUSSION

Structural studies
A detailed high-resolution microscopy study of Ag 0. segregation scenario between AgSbTe 2 and SnTe phases. Furthermore, the nano-regions are coherently embedded in the matrix, thus they do not disrupt the surrounding atomic order which could potentially lead to reduced electron scattering. 21 carriers/cm 3 . These highly degenerate compounds have carrier concentrations that approach stoichiometric levels at an average of the deviation of the (Ag 1-x Sb 1+x ) m Sn y Te y+2m formula from its ideal (i.e. x=0). Under these conditions, it is surprising to observe thermopower values of ~165-220 µV/K at high temperatures.
The absolute value of the thermopower is positive indicating p-type conduction, in agreement with the Hall effect results. Certainly, such a high thermopower is very unusual for a highly degenerate semiconductor. This observation implies novel classes of materials could exist that depart from the conventional behavior of interdependence between high carrier concentration and low thermopower and certainly warrants further investigations. A high thermoelectric power has been previously reported in rare-earth intermetallic systems such as YbAl 3 (-80 µV/K at 200 K) and CePd 3 (-120 µV/K at 125 K) [8, 9] . The underlying physics in these metallic systems, however, has more to do with mixed rare earth element valency and the associated magnetism. Furthermore, the maximum thermopower in these intermetallics is typically lower than the one reported here. Another unusual feature of Ag 0.85 SnSb 1.15 Te 3 and Ag 0.9 Sn 2 Sb 1.1 Te 4 is that the p-type charge transport is opposite to what would be expected. The excess Sb atoms in the structure which generally act as electron donors and the deficiency of Ag atoms which act as acceptors should lead to n-type behavior but this clearly is not observed.
The concomitant very high thermoelectric response and enormous carrier concentration can be reconciled through a heavy hole effective mass, m * . A direct approach to estimate the effective mass is to analyze the infra-red reflectivity within the context of the one band Drudemodel [10] . Figure 3(c) shows the room temperature reflectivity of the Ag 0.85 SnSb 1.15 Te 3 in the range 400-6000 cm -1 . The plasma frequency, ω p , deduced from the fit in conjunction with the results of Hall effect measurements on the carrier concentration were used to determine m * using the formula:
Where, ε ∞ is the high frequency dielectric constant of the sample and ε is the permittivity of free space. The Drude analysis yields an effective mass of ~6m 0 for a room temperature carrier concentration of p~5×10 21 carriers/cm -3 . The widely dispersed nanostructuring in this material compared to its nonexistence in AgSbTe 2 and SnTe may be responsible for this behavior.
The intriguing physical behaviour discussed so far is reminiscent of a metal although members of the (AgSbTe 2 )-(SnTe) system are expected to be semiconductors. In order to further probe the electronic structure of this family of compounds we have examined the low temperature heat capacity of Ag 0.85 SnSb 1.15 Te 3 (depicted in Figure 4 ). Using the Debye formula:
where, C is the heat capacity, T is the temperature, γ is the coefficient of the electronic contribution related to the density of states at the Fermi energy and β i is the coefficient of the contribution of phonons (the formula includes high order terms) to the heat capacity, we can gain information on the electronic structure of the compound. Our fit down to 2 K, resulted in γ~6 mJ/mol-K 2 , which is higher than γ coefficients of typical metals and closer to that of transition metals. This suggests a rather metallic nature for Ag 0.85 SnSb 1.15 Te 3 with a complex bandstructure, a fact that calls for further theoretical and experimental investigations in this system. , and Ni~7 mJ/mol-K 2 ) indicative of metallic behavior and electronic band structure complexity.
Thermal Transport
The thermal conductivity, κ, of the quaternary system (Ag 1-x Sb 1+x ) m Sn y Te y+2m has been measured using a steady state technique with appropriate correction for radiation effects. Our results at room temperature are in excellent agreement with previously published ones [1, 11] , where σ is the conductivity, of the investigated system is among the lowest reported for thermoelectric compounds and of the order of ~0.7-0.9 W/mK. In the past the relative insensitivity of the thermal conductivity of AgSbTe 2 on alloying with SnTe was attributed to the existence of complete solid miscibility in the system [1] . Our TEM results, however, show that the low thermal conductivity is consistent with recent theories on thermal transport in heterogenous systems [12] . Furthermore, standard Klemens-Drable thermal conductivity theory of solid solutions fails to describe correctly the behaviour of κ at low m values where nanostructuring appears, as it predicts a 30-40% higher lattice κ [11] .
CONCLUSIONS
We have studied the thermoelectric properties of three members of the (Ag ) and have found metallic carrier concentration, high thermoelectric power response and low thermal conductivity to coexist. This rich physical behaviour can be traced to at least two factors (a) the complexity of the, most probably metallic, electronic structure of the compounds giving rise to a high effective mass and (b) to nano-scale phase separation. Further in-depth studies are needed to gain a better understanding of this class of materials.
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